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Abstract 1 
Increased aridity is of global concern. Polar regions provide an opportunity to monitor 2 
changes in bio-available water free of local anthropogenic influences. However, sophisticated 3 
proxy measures are needed. We explored the possibility of using stable carbon isotopes in 4 
segments of moss as a fine-scale proxy for past bio-available water. Variation in δ13C with 5 
water availability was measured in three species across three peninsulas in the Windmill 6 
Islands, East Antarctica and verified using controlled chamber experiments. The δ13C from 7 
Antarctic mosses accurately recorded long-term variations in water availability in the field, 8 
regardless of location, but significant disparities in δ13C between species indicated some make 9 
more sensitive proxies. δ13CSUGAR derived from living tissues can change significantly within 10 
the span of an Antarctic season (5 weeks) in chambers, but under field conditions, slow 11 
growth means that this technique likely represents multiple seasons. δ13CCELLULOSE provides a 12 
precise and direct proxy for bio-available water, allowing reconstructions for coastal 13 
Antarctica and potentially other cold regions over past centuries. 14 
Introduction 15 
The impact of climate change on bio-available water, and it subsequent ecological effect, is of 16 
considerable concern (IPCC, 2007; van Ommen & Morgan, 2010; IPCC, 2014). Polar regions 17 
are important locations in assessing such change as their isolation provides a clear climate 18 
change response signal relatively independent of confounding anthropogenic influences 19 
(Callaghan et al., 1992; Turner et al., 2002). Additionally, the simplicity of ecological 20 
systems in these regions means that they are likely to respond rapidly to climate variations, 21 
making them ideal baseline environments for the study of global change (Bergstrom & 22 
Chown, 1999; Robinson et al., 2003; Lebouvier et al., 2011).  23 
3   
Our current understanding of changes to bio-available water in these regions is limited by our 1 
dependence on either long-term proxy based information from ice cores (Mayewski et al., 2 
2009; Matsumoto et al., 2011), or short-term, and spatially disparate, meteorological records 3 
(Fig. 1). Since bio-available water depends on a balance between a multitude of interacting 4 
inputs such as precipitation (snow) and meltwater from permanent ice banks (Lucieer et al., 5 
2014) and outputs (including loss as sublimation, run off and evaporation), which are dictated 6 
by climatic factors such as temperature and wind speed (Clarke et al., 2012; Convey et al., 7 
2014; Robinson & Erickson, 2014), characterising bio-available water based purely on 8 
meteorological data is arguably inadequate.  9 
Stable carbon isotopes (δ13C) within Antarctic bryophytes offer a potential integrated measure 10 
of bio-available water as a result of RuBisCOs preferential fixation of the lighter 12C isotope 11 
during photosynthesis (Farquhar et al., 1989; Rice & Giles, 1996). Unlike vascular plants, 12 
bryophytes lack stomata and as a result cannot regulate their carbon dioxide or water uptake 13 
physiologically (Rice & Giles, 1996; Williams & Flanagan, 1996; Rice, 2000). Accordingly, 14 
the resistance to CO2 diffusion in moss is divided into two extreme environmental conditions: 15 
either when the leaf surface is dry or, when the surface is wet or submerged in water (Rice & 16 
Giles, 1996). In the latter condition, the presence of a water film can create large barriers to 17 
carbon assimilation due to the much lower CO2 diffusivity in water than in air (Rice & Giles, 18 
1996). Hence, δ13C values are less negative (less discrimination against isotopically-heavier 19 
13CO2) when plants are covered by diffusion-limiting water films. Conversely, δ13C values are 20 
more negative when plants are drier and diffusion and photosynthetic rates optimized, as 21 
RuBisCO consistently favours the isotopically-lighter 12CO2 molecules (Rice, 2000; Royles & 22 
Griffiths, 2014).  23 
4   
Mosses are widely distributed in coastal regions of Antarctica and, due to the severity of 1 
Antarctic conditions, have very slow growth rates relative to moss in more temperate regions 2 
(<6 mm yr-1; Convey et al., 2014) giving their records the potential to span centuries. Mosses 3 
lack vascular tissue and grow sequentially from the tip on a seasonal basis, with each new 4 
section capturing and sequestering its own photosynthetic carbon. Like tree rings, each 5 
section thus captures a snapshot of environmental growth conditions. Difficulties experienced 6 
when using vascular plants as long-term climate proxies can be avoided when using non-7 
vascular species, such as mosses. For example, δ13C in vascular plants is influenced by 8 
different δ13C signatures in the various chemicals that make up the vascular system (Benner et 9 
al., 1987; Robinson et al., 1993). In addition, differential breakdown of these various 10 
constituents over time further complicates interpretations; lignin breaks down more slowly 11 
than polysaccharides, causing shifts in δ13C values by up to 4‰ (Benner et al., 1987; Schleser 12 
et al., 1999; McCarroll & Loader, 2004). Unlike vascular plants mosses have a reduced 13 
proportion of lignin (Weng & Chapple, 2010), due to the simplicity of their hydrological 14 
systems, and consist largely of cellulose (43%; Skrzypek et al., 2007). This makes mosses an 15 
ideal candidate for the long-term study of past climate, especially in Antarctica where cold 16 
conditions further preserve compounds over time (Royles et al., 2013; Roads et al., 2014) and 17 
lateral transfer of depleted 13C into mosses is unlikely due to the low levels of inorganic and 18 
organic carbon in the environment (Sobek et al., 2007; Sawstrom et al., 2008).  19 
Novel advances in precision dating down intact moss shoots via the 14C ‘bomb pulse’ have 20 
allowed high resolution exploration of climate change in East Antarctica (Clarke et al., 2012) 21 
and more recently in the Maritime Antarctic (Royles et al., 2012; Royles et al., 2013). These 22 
studies all used δ13C as an indication of past bio-available water. However, until we have 23 
substantiated how δ13C signatures in moss species vary under their existing growth conditions 24 
current and future reconstructions of water environments using δ13C in Antarctic moss cores 25 
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are unreliable. Whilst the use of δ13C in non-vascular plants has been supported as a long-1 
term proxy for growth water in temperate locations (Menot-Combes et al., 2004; Charman et 2 
al., 2009; Booth et al., 2010; Kaislahti Tillman et al., 2010; Yamamoto et al., 2010) no one, 3 
to the best of our knowledge, has validated the capacity of δ13C signatures in Antarctic moss 4 
species to accurately reflect bio-accessible water. This is important as discrimination against 5 
13CO2 may vary across environmental gradients, climates and between species (O'Leary, 6 
1981; Farquhar et al., 1982; Lajtha & Getz, 1993; Hultine & Marshall, 2000; Dawson et al., 7 
2002; Sah & Brumme, 2003; Menot-Combes et al., 2004; Royles et al., 2014). For example, 8 
morphological traits - such as cell wall thickness - may differ between growth environments 9 
and thus influence the assimilation of carbon into cells (Waite & Sack, 2010). Likewise, plant 10 
growth form may directly or indirectly influence diffusional resistance in cells by either 11 
altering boundary layers surrounding plant surfaces (Rice & Schuepp, 1995), or affecting the 12 
development of surface water film, respectively. Significant species-specific δ13C variations 13 
have already been documented (Zhang et al., 1993; Pancost et al., 2003; Menot-Combes et 14 
al., 2004; Loader et al., 2007; Moschen et al., 2009; Brader et al., 2010) especially in 15 
Antarctic mosses (Galimov, 2000; Wasley et al., 2006). Therefore, δ13C analysis in Antarctic 16 
moss cores using more than one species, or a species that is not a sensitive recorder of growth 17 
water environment, may be open to misinterpretation.  18 
We sought to explore quantitatively the factors that influence δ13C in Antarctic species and 19 
environments in order to validate δ13C as a paleohydrological proxy for this region. Our 20 
primary objective was to enable interpretation of past Antarctic water trends using δ13C in 21 
long intact shoots of moss. Correlating such water trends to climatic drivers would expand our 22 
knowledge of the effect of current climate change in the region (Clarke et al., 2012) and 23 
potentially other areas of the world (van Ommen & Morgan, 2010). The capacity to 24 
distinguish intra-seasonal shifts in Antarctic growth water might also be possible through 25 
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analysis of moss soluble carbohydrates (δ13CSUGAR). While δ13CSUGAR may not be as useful in 1 
paleo-research, as compounds could be leached and lost as cells dry, sugars have been found 2 
to display environmental fluctuations within hours to days (Brugnoli et al., 1988) and 3 
therefore could theoretically detect subtle shifts in water availability within single growing 4 
seasons. Completely new wall material (cellulose), on the other hand, takes longer to establish 5 
and initially is diluted with the old cellulose signatures. Specifically we examine: (1) the 6 
influence of growth water environment on δ13C in Antarctic moss under laboratory and field 7 
conditions; (2) inter-species variability and (3) the temporal resolution with which 8 
δ13CCELLULOSE and δ13CSUGAR compounds can detect change. Finally, we use our findings to 9 
show changes in growth water availability in East Antarctic moss shoots using δ13CGRAPHITE. 10 
Materials and methods 11 
Study sites and species 12 
Three moss species, two cosmopolitan, Bryum pseudotriquetrum (Hedw.) Gaertn., Meyer & 13 
Scherb. and Ceratodon purpureus (Hedw.) Brid., and the endemic Schistidium antarctici 14 
Card., were collected from three peninsulas (Clark and Bailey peninsulas and Robinson 15 
Ridge; S1-3 respectively in Fig. 1) in the Windmill Islands (66°15'S, 110°33'E), East 16 
Antarctica (detailed description in Wasley et al., 2006).  17 
Field investigations 18 
Moss plugs (~ 2 cm2) of each species were collected on each peninsula (Fig. 1) from hydric 19 
areas where moss is known to remain submerged throughout the season, xeric areas where 20 
moss relies on ephemeral water sources such as snowfall and mesic areas in a transitional 21 
water environment (n = 7-10; see Wasley et al., (2012) for detailed water gradient 22 
description).  23 
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To allow spot measurements of moss turf water content (TWC; Lucieer et al., 2014) to be 1 
compared with the visual estimates of long-term water environments and δ13C, moss plugs 2 
(18 C. purpureus) were also sampled from established wet, intermediate and dry study sites 3 
across two permanent, long-term monitoring sites: Antarctic Specially Protected Area 4 
(ASPA) 135 on Bailey Peninsula and Robinson Ridge (S2-3 respectively, Fig. 1). These sites 5 
form State of the Environment Indicator 72 (http://aadc-6 
maps.aad.gov.au/aadc/soe/display_indicator.cfm?soe_id=72).   7 
Growth chamber manipulations 8 
A five-week pilot study was conducted (January - February 2012) to evaluate if δ13CCELLULOSE 9 
and δ13CSUGAR in Antarctic moss varied in response to changing water environments within a 10 
single Antarctic growth season. Five weeks was deemed ample time to generate sufficient 11 
new growth for analysis based on similar chamber studies that demonstrated growth rates of 12 
9.87 ± 0.83 mm for B. pseudotriquetrum (Supporting Information, Fig. S3 a & e) and 5.17 ± 13 
0.39 mm for C. purpureus (Bramley-Alves, unpublished data). Plugs (depth ~1 cm) of 14 
C. purpureus, S. antarctici and B. pseudotriquetrum (n=24) were collected from a range of 15 
water environments on Bailey peninsula (Fig. 1, S2). Samples were placed in microplates (24 16 
well, Corning, Australia) and randomly allocated to one of three water treatments within 17 
growth chambers in the science laboratory at Casey station. The treatments represented three 18 
different environmental conditions: wet; where samples were kept submerged under more 19 
than 3 mm of water, intermediate; where samples were not submerged but were provided with 20 
an ample water supply, or dry; where samples were given the minimum level of water to 21 
allow growth (> 2 g H2O g-1 Dry Weight; Wasley et al., 2006) and were never inundated. To 22 
avoid formation of a water film, dry samples were watered at the base of the moss core via a 23 
Pasteur pipette. Chambers were kept at a constant 15°C with a natural summer photoperiod 24 
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(22 h ~700 umols m-2 s-1 PAR) to mirror moss turf conditions in the field during the summer 1 
growth period, where turf temperatures can reach > 20°C (Bramley-Alves et al., 2014). 2 
Chamber relative humidity was > 60% (Kestrel 3500, Delta T, USA). 3 
A simplified version of the growth chamber experiment was repeated in Australia in 2013 but 4 
run for a longer time interval (22 weeks) to explore inter-seasonal shifts in δ13C. All three 5 
species (n=16) were collected as above, air dried to a constant mass and frozen for transport 6 
back to Australia. Once rehydrated (over 24 h) samples from each species were randomly 7 
allocated to one of two water treatments (dry or wet) in growth cabinets at the University of 8 
Wollongong, Australia. Water treatments and chamber conditions were as described above.  9 
Sample preparation  10 
Samples were oven dried to a constant mass at 60°C. As atmospheric CO2 concentrations 11 
have remained relatively constant over the past 5 years (Rubino et al., 2013), 3 mm sections 12 
(integrating 2.3 to 5 years of growth based on growth-rates from Clarke et al., (2012)) were 13 
cut from the moss plugs collected from the field, whilst exclusively new growth material was 14 
cut from moss grown under chamber conditions (~2-4 mm). All samples were ground to a 15 
fine powder in a ball mill TissueLyser (Qiagen, Retsch, Australia) at 1600 g for 3 minutes. 16 
Between 1.5 - 2 mg of whole moss powder was weighed directly into tin capsules (5.25 mm x 17 
3.2 mm) and sealed for δ13CBULK analysis. 18 
Soluble carbohydrates were isolated after Wanek et al., (2001) and cellulose was extracted 19 
after Hietz et al., (2005). Carbon isotope analyses were conducted at the University of Vienna 20 
on a continuous-flow Isotopic Ratio Mass Spectrometer (IRMS DeltaPLUS, Finnigan MAT) 21 
interfaced to an Elemental Analyzer (EA 1110, CE Instrument, Milan, Italy) by ConFlo II 22 
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(Finnigan MAT, Bremen, Germany). The abundance of 13C relative to 12C in samples was 1 
calculated by the following equation: 2 
                           δ13C (‰)= !  !"!"#$
!  !"#$%#&%
− 1  3 
where R is the ratio of mass 13C to mass 12C. The δ13C value of samples are reported relative 4 
to Vienna PeeDee Belemnite (V-PDB) standards and expressed as parts ‘per mil’ (‰). 5 
Samples were measured against a CO2 reference gas, calibrated to IAEA-CH-6 and IAEA-6 
CH-7 reference material (International Atomic Energy Agency, Vienna, Austria). A typical 7 
standard deviation of δ13C analysis for replicate samples is ± 0.1‰. 8 
Temporal changes  9 
We used data from three previously dated C. purpureus cores (Clarke et al., 2012) in order to 10 
interpret past trends in Antarctic water environments in the context of our current δ13C 11 
findings. Conventional 14C ages and δ13CGRAPHITE (a bi-product of the 14C dating process, see 12 
Hua et al. (2001) for further details) were remodeled using the OxCal v4.0 program (Bronk 13 
Ramsey, 1995, 2001). Changes to atmospheric CO2 influence core δ13C through time 14 
(Francey et al., 1999) and recent updates for atmospheric CO2 values (Rubino et al., 2013) 15 
could thus be incorporated into models.  16 
Statistical analysis 17 
The change in δ13C between wet and dry environments (WDδ13C) was calculated by 18 
subtracting the mean dry δ13C from the mean wet δ13C. All data analyses were conducted in 19 
the statistical program JMP (Ver. 5.1 SAS Institute Inc., U.S.). Prior to analysis, raw data 20 
were tested for normality using the Shapiro-Wilks W Test, and for homogeneity of variance 21 
using Cochran’s C test. Transformations were performed when necessary to satisfy 22 
10   
assumptions. Data were analysed using general linear models with a two-way ANOVA or 1 
ANCOVA, with environment and species as the main effects alongside their interaction term. 2 
Where significant interactions were found, Tukey HSD post hoc tests were used to identify 3 
significantly different means between multiple groups. Students-t tests were used for 4 
comparisons between two groups. 5 
Results 6 
A strong relationship (R2 = 0.98) was found between δ13CBULK and δ13CCELLULOSE in Antarctic 7 
C. purpureus (Supporting Information, S1). Our work confirms that both materials are 8 
suitable for paleo-climatic research, especially under cold Antarctic conditions which further 9 
preserve compounds over time (Menot & Burns, 2001; Skrzypek et al., 2007; Royles, 2012).  10 
Field investigations  11 
δ13CBULK differed significantly (F2, 4 = 13.78, p = 0.016) between water environments in the 12 
field (Fig. 2), regardless of collection location. Wet sites were significantly less negative 13 
(-24.4 ± 1.8‰) than either intermediate (-25.2 ± 1.3‰) or dry (-26.0 ± 1.1‰) sites across all 14 
locations and for all species, with a mean difference of 1.6‰ between dry and wet sites. 15 
δ13CBULK also varied significantly between each of the three study species (F2, 4 = 28.82, p = 16 
0.004) with S. antarctici displaying the least negative values (-24.2 ± 1.5‰), 17 
B. pseudotriquetrum the most negative (-26.0 ± 1.2‰) and C. purpureus intermediate values 18 
between the two (-25.2 ± 1.6‰). WDδ13CBULK between environments was greatest in 19 
C. purpureus (2.1‰), followed by S. antarctici (1.5‰) and B. pseudotriquetrum (1.0‰).  20 
The relationship between C. purpureus δ13CCELLULOSE and TWC (Fig. 3), collected from 21 
established wet, intermediate or dry locations within two permanent long-term monitoring 22 
sites, was significant (p < 0.0007, R2 = 0.44). 23 
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Controlled manipulations 1 
Moss δ13CSUGAR revealed a significant interaction between species and environment (F8, 54 = 2 
3.51, p = 0.013) within 5 weeks of growth under the different water treatments (Fig. 4). All 3 
three species displayed δ13CSUGAR values that were less negative in wet than in dry 4 
environments but this difference was not significant for S. antarctici. For B. pseudotriquetrum 5 
the wet treatment δ13CSUGAR was significantly less negative than that in the intermediate 6 
treatment, while in C. purpureus the intermediate treatment δ13CSUGAR was between, and 7 
similar, to both wet and dry treatments. Intermediate and dry δ13CSUGAR did not show 8 
significant differences for any species. When comparing species, δ13CSUGAR for both C. 9 
purpureus and B. pseudotriquetrum were more negative than for S. antarctici. WDδ13CSUGAR 10 
was similar for all species, ranging from 1 - 1.6‰ (Table 1).  11 
Moss δ13CCELLULOSE also differed significantly between water treatments within 5 weeks 12 
(F8, 54 = 6.41, p = 0.0032; Table 2). Intermediate treatment δ13CCELLULOSE (-19.2 ± 1.49‰) 13 
was significantly less negative than dry treatment δ13CCELLULOSE (-20.7 ± 1.34‰) with wet 14 
treatment δ13CCELLULOSE intermediate (-20.2 ± 1.66‰;). δ13CCELLULOSE also differed 15 
significantly between species (F8, 54 = 7.56, p = 0.0013), with S. antarctici displaying 16 
significantly less negative δ13CCELLULOSE (-19.2 ± 1.32‰) than either C. purpureus (-20.7 ± 17 
1.60‰) or B. pseudotriquetrum (-20.2 ± 1.50‰), which were statistically similar. 18 
WDδ13CCELLULOSE between environments was highest for B. pseudotriquetrum but was 19 
negative for C. purpureus (Table 1). 20 
Moss δ13CSUGAR differed significantly between water treatments after 22 weeks (F5, 40 = 20.86, 21 
p = 0.0001; Fig. 5a). Inundation resulted in significantly less negative δ13CSUGAR, ranging 22 
from -24.3 to -20.1‰ compared to -27.0 to -21.1‰ under dry treatments, with a mean 23 
difference of 1.8‰. δ13CSUGAR also varied significantly between species (F5, 40 = 4.17, p = 24 
12   
0.022; Fig. 5b), with S. antarctici displaying significantly less negative δ13CSUGAR than 1 
C. purpureus. WDδ13CSUGAR between water treatments was much greater in C. purpureus 2 
than in B. pseudotriquetrum or S. antarctici (Table 1). 3 
Moss δ13CCELLULOSE also differed significantly between water treatments after 22 weeks (F5, 39 4 
= 9.40, p = 0.0039), with moss δ13CCELLULOSE values 1.7‰ less negative under inundated 5 
conditions (-21.69 ± 1.81‰) than when grown under dry conditions (-23.45 ± 2.09‰; Fig. 6 
5c). δ13CCELLULOSE did not vary significantly between species (Fig. 5d). WDδ13C between 7 
environments was again highest in C. purpureus, followed by B. pseudotriquetrum with 8 
S. antarctici the least different (Table 1). 9 
δ13CCELLULOSE was consistently more negative than δ13CSUGAR in Antarctic moss, with an 10 
offset of 0.9‰. The relationship between δ13CCELLULOSE and δ13CSUGAR compounds was not 11 
significant after 5 weeks of growth (Fig. 6a). Significant differences in signatures were seen 12 
among species (F5, 56 = 3.35, p = 0.04). However, δ13CCELLULOSE was positively correlated 13 
with δ13CSUGAR samples after 22 weeks (R2 = 0.6; Fig. 6b) with no significant differences 14 
among species (F5, 39 = 1.45, p = 0.24). 15 
Discussion 16 
Our results demonstrate that Antarctic mosses consistently show significantly less negative 17 
δ13C values in wet environments in the field (Fig. 2), regardless of collection location; a result 18 
confirmed in these species under laboratory conditions (Fig. 4 & 5). δ13CSUGAR in these 19 
species can capture intra-seasonal shifts, but under Antarctic field conditions likely represent 20 
inter-season trends. This information can now be used to accurately interpret past Antarctic 21 
water trends using δ13C in long intact shoots of moss. 22 
Inter-species δ13C variability 23 
13   
While δ13C accurately represented water environments across all study species, the δ13C range 1 
of each species differed significantly (Fig. 2). This highlights the need to use single species 2 
when interpreting paleo-environmental information down a core or to examine the differences 3 
between species prior to interpretation. For example, δ13C values of S. antarctici were 1‰ 4 
and 1.8‰ less negative than C. purpureus and B. pseudotriquetrum under field conditions. 5 
Whilst small, this difference is highly significant: shifts of 0.9‰ can underline differences 6 
between wet and intermediate environments in Antarctica and shifts of 1.5‰ can depict 7 
differences between wet and dry environments (c.f. Fig. 2; 3; 4; 5). The significance is 8 
likewise demonstrated in studies that linked shifts between -0.4 and +0.4‰ in a peat bog to a 9 
1°C change in temperature (Menot & Burns, 2001). For example, using the data in Fig. 2, if 10 
δ13CBULK values in samples from a mixed or unidentified species core were interpreted and a 11 
δ13CBULK of -25.5‰ obtained, it could be concluded this was either a wet environment for 12 
B. pseudotriquetrum, an intermediate environment for C. purpureus or a dry environment for 13 
S. antarctici. As a result, the use of conspecific intact moss shoots represents a more accurate 14 
technique for elucidating past Antarctic water environments than interpreting changes down 15 
heterospecific peat cores. Greater knowledge of the species composition of peat cores and 16 
their isotopic range will provide a far more accurate interpretation of water availability during 17 
growing seasons. 18 
The significant δ13C variation between species grown under identical conditions implies that 19 
there are physiological differences between the species that inherently influence δ13C. We 20 
suggest that these differences may be controlled by either leaf morphology or plant growth 21 
form. In some moss species, for example Sphagnum and C. purpureus, water-filled hyaline 22 
cells (Stanton et al., 2014) control diffusion into photosynthetic cells and therefore influence 23 
diffusion resistance – a feature that has been proposed to explain variation in δ13C in 24 
Sphagnum species (Menot & Burns, 2001). Thick cell walls, which act like the viscous barrier 25 
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of water, may also constrain carbon assimilation into cells. For example, branch dwelling 1 
moss species were found to have thicker cell walls than ground dwelling species, 2 
corresponding to lower carbon assimilation per mass in branch dwelling species (Waite & 3 
Sack, 2010). The ranking of δ13C values for the moss species in this study suggest that cell 4 
walls may affect diffusion and therefore discrimination; with S. antarctici displaying the 5 
thickest cell walls and least negative δ13C values and C. purpureus and B. pseudotriquetrum 6 
the thinnest walls and most negative δ13C values (Supporting Information, Fig. S2). Cell wall 7 
thickness was constant across water environments in the field for C. purpureus and 8 
B. pseudotriquetrum suggesting that the higher δ13C values displayed in wet environments 9 
were independent of morphological changes. Interestingly, continual submergence has been 10 
found to produce thinner boundary layers in Sphagnum species, which in turn may reduce 11 
resistance to CO2 diffusion into the cell (Rice & Schuepp, 1995). We found that S. antarctici 12 
generated thinner cell walls under wet compared to dry growth conditions, implying there 13 
should be greater diffusional resistance (and less negative δ13C) in dry environments (the 14 
opposite of that found). This means that the less negative δ13C values seen in S. antarctici 15 
under wet conditions is predominantly related to diffusional restrictions by the surrounding 16 
water and must be sufficiently large to overcome any increased diffusion of CO2 due to 17 
thinner walls.  18 
Growth form could also influence δ13C signatures among species. Unlike S. antarctici and 19 
C. purpureus, which grow as smooth, uniform moss turfs, B. pseudotriquetrum gametophytes 20 
often grow through and above the surrounding turf. This growth form means that 21 
photosynthetically active tissue likely avoids submergence in environments where the other 22 
two species would be inundated, potentially giving B. pseudotriquetrum a more negative δ13C 23 
signature regardless of its micro-environment. A five-week chamber study simulating growth 24 
under moss cover showed gametophytes of B. pseudotriquetrum etiolate rapidly when faced 25 
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with limited light (conditions similar to a packed moss turf, Supporting Information, S3). 1 
Stem length was over 4x that of the control when moss was placed under 50% simulated moss 2 
cover. When this growth form was controlled under laboratory conditions, by keeping 3 
B. pseudotriquetrum inundated for five weeks, δ13CSUGAR in B. pseudotriquetrum was similar 4 
to that in C. purpureus, and only different to S. antarctici (c.f. with field experiment Fig. 2). 5 
Similarly, when the experiment was extended to 22 weeks all species showed similar 6 
δ13CCELLULOSE with only water treatments producing significantly different δ13CCELLULOSE. 7 
These findings suggest that under natural conditions B. pseudotriquetrum’s emergent growth 8 
form contributes to its more negative δ13C signatures.   9 
This inundation avoidance response by B. pseudotriquetrum means that it is a less useful 10 
proxy for surrounding water conditions, despite its relatively large change in δ13C between 11 
wet and dry environments under controlled conditions. While morphological changes in 12 
S. antarctici have the potential to counteract the trend toward greater diffusional limitation 13 
under inundated conditions our results show that it is still an accurate recorder of micro-site 14 
water environment. Of the three species C. purpureus seems physiologically best suited to 15 
capturing changes in water environments (WDδ13C > 3‰ in the field and after 22 weeks in 16 
the laboratory) provided it is given adequate time to grow (> 5 weeks).  17 
Temporal and environmental resolution  18 
Variations in growth water conditions were distinguishable in significantly less negative 19 
δ13CSUGAR signals of B. pseudotriquetrum and C. purpureus within just five weeks of growth 20 
under inundated conditions inside chambers. This shows that these species have the potential 21 
to record water variation within a short time frame, with δ13CSUGAR capturing changes across 22 
the span of a typical Antarctic growth season. After 22 weeks δ13CSUGAR and δ13CCELLULOSE 23 
were well correlated (Fig. 6b), which was not the case after 5 weeks (Fig. 6a) suggesting that 24 
16   
whilst sugars quickly incorporated new carbon, this was not reflected fully in new wall 1 
material until several months later (due to the slower dilution of old with newly formed 2 
cellulose). Thus δ13CCELLULOSE and δ13CBULK provide better proxies for longer term, inter-3 
seasonal changes. It should be recognized that chamber studies provide optimal conditions for 4 
moss growth and do not represent the severity of the Antarctic climate. In addition to 5 
changing water availability Antarctic mosses deal with fluctuating diel temperatures (from -9 6 
to 30°C at the turf surface, Bramley-Alves et al., 2014), periods of freeze-thaw, highly 7 
variable PAR and high UV radiation. These can all inhibit growth resulting in slow 8 
accumulation of new tissue and subsequent changes in moss δ13C. This is illustrated in the 9 
results of a reciprocal transplant field experiment, where δ13CSUGAR signatures were similar to 10 
initial controls after five weeks (Supporting Information, S4). Field δ13C signatures take a 11 
relatively long time to establish, due to the short Antarctic summers, and provide an overall 12 
assessment of longer-term (3-5 year) water variability rather than a snapshot of wet or dry 13 
periods within a season. In terms of gaining long-term information about past climate this 14 
serves our purpose well. However, our research suggests that intra-seasonal shifts in growth 15 
water could be assessed through δ13CSUGAR under less stressful conditions such as the 16 
maritime Antarctic (see Royles & Griffiths, 2014). 17 
Our findings allow us to quantitatively assess variation in δ13C across temporal scales for the 18 
first time (Fig. 7). Changes in δ13CGRAPHITE down C. purpureus cores previously dated by 19 
Clarke et al., (2012) suggested that sites in the Windmill Islands had dried over recent 20 
decades, but gave no sense of the scale of these changes. Using the δ13C ranges established 21 
for this species in Fig. 2 we can now confirm that prior to the 1970s these sites would have 22 
been classified as wet-intermediate, whereas from the 1990s onward they would be classed as 23 
dry-intermediate. In addition, the correlation between spot TWC and δ13C (Fig. 3) suggests 24 
that the water availability has declined by approximately half between 1980 and 2000. This 25 
17   
regional drying has been linked to changing wind patterns as a result of ozone depletion 1 
(Robinson & Erickson, 2014).   2 
We propose that tracing carbon isotopes down long shoots of dated moss is a viable and 3 
valuable proxy for assessing past water environments in coastal areas of Antarctica that have 4 
limited climate information. However, significant disparities in δ13C exist among species and 5 
therefore reconstructions based on multiple species should be avoided. Whilst δ13CSUGAR has 6 
the potential to show rapid changes within a season of growth under laboratory conditions or 7 
in the maritime Antarctic, δ13CBULK or δ13CCELLULOSE (especially if degradation is suspected) 8 
reveal inter-seasonal changes in the field in continental Antarctica. Moss δ13C represents an 9 
effective integrator of growth water and could resolve past histories and spatial variation over 10 
large sections of Antarctica where we currently have no information – increasing our ability 11 
to understand the past and present, and so to forecast the future. 12 
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Supporting Information Legends 
Fig. S1 Comparison between δ13CBULK and δ13CCELLULOSE in Ceratodon purpureus. Paired 1 
δ13CBULK - δ13CCELLULOSE samples were highly correlated (y = 1.48x + 13.18, F1, 8 = 33.1, df = 2 
8, p < 0.0001, R2 = 0.98). 3 
Fig. S2 Cell wall thickness in the Antarctic moss species, Bryum pseudotriquetrum, 4 
Ceratodon purpureus and Schistidium antarctici collected from wet and dry environments on 5 
Robinson Ridge and Bailey peninsula in the Windmill Islands. Different letters indicate 6 
significant differences within and between species at p = 0.05. Crosses represent mean, lines 7 
represent median, boxes represent interquartile range, whiskers represent SD, n = 50. 8 
Magnification 40x. 9 
Fig. S3 Mean (a) stem length, (b) length of photosynthetic section, (c) number of leaves and 10 
(d) leaf width of the Antarctic moss species Bryum pseudotriquetrum, grown in a 11 
temperature/light-controlled chamber for 5 weeks under 0, 25, 50, 75 and 100% cover, shown 12 
in (e). Different letters indicate significant differences between treatments at p = 0.05 using a 13 
Tukeys HSD test following significant ANOVA analyses. Error bars represent SD, n = 5. 14 
Fig. S4 δ13CSUGAR difference between initial control plants and transplants after five weeks 15 
growth of Bryum pseudotriquetrum, Ceratodon purpureus and Schistidium antarctici in the 16 
field in Antarctica. Mosses were transplanted from dry to dry (D-D), dry to intermediate (D-17 
I), dry to wet (D-W), wet to dry (W-D), wet to intermediate (W-I) and wet to wet (W-W) 18 
conditions. Crosses represent mean, lines represent median, boxes represent interquartile 19 
range, whiskers represent SD, n = 3. 20 
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Tables 1 
Table 1 Isotopic change between wet and dry environments (WDδ13C) in sugar and cellulose compounds of 2 
three Antarctic moss species Bryum pseudotriquetrum, Ceratodon purpureus and Schistidium antarctici grown 3 
for 5 and 22 weeks.  4 
 
Time Analysis Species WDδ13C 
  C. purpureus S. antarctici B. pseudotriquetrum 
5 weeks Sugar 1.35 1.03 1.64 
 Cellulose -0.91 0.74 1.73 
22 weeks Sugar 3.0 0.45 2.0 
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Table 2 δ13CCELLULOSE in three Antarctic moss species Bryum pseudotriquetrum, Ceratodon purpureus and 1 
Schistidium antarctici, kept in a chamber for 5 weeks under wet, intermediate or dry conditions. Data are means 2 
(standard error), n = 6 - 8. 3 
 
Environment Species 
 C. purpureus S. antarctici B. pseudotriquetrum 
Dry -20.8 (0.5) -20 (0.5) -21.3 (0.5) 
Intermediate -19.7 (0.5) -18.3 (0.5) -19.7 (0.5) 
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Figures 1 
 2 
Fig. 1 Map of Antarctica showing the location of Automatic Weather Stations (AWS) where 3 
weather observation data is collected (as of 2009). Note poor coverage especially around the 4 
coast of East Antarctica. In addition most of these AWS were installed recently (1990 5 
onwards). Insert shows the location of the three study sites: S1 Clark Peninsula, S2 Bailey 6 
Peninsula and S3 Robinson Ridge outlined in red. Adapted from University of Wisconsin - 7 
Madison (Space Science & Engineering Center, 2012) and Australian Antarctic Division Data 8 
Centre (Australian Antarctic Division, 2012). N.B. inset is inverted relative to main map 9 
orientation. 10 
  11 
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 1 
Fig. 2 δ13CBULK in the Antarctic moss species, Schistidium antarctici, Ceratodon purpureus 2 
and Bryum pseudotriquetrum, collected from locations assessed as representing dry, 3 
intermediate and wet environments on Robinson Ridge, and Clark and Bailey peninsulas (see 4 
Fig 1 for details). Different letters indicate significant differences at p = 0.05 between 5 
environments. Crosses represent mean, lines represent median, boxes represent interquartile 6 
range, whiskers represent SD, n = 20 - 30. 7 
  8 
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 1 
Fig. 3 δ13CCELLULOSE of Ceratodon purpureus moss sampled from wet, intermediate and dry 2 
environments and correlated with spot estimates of turf water content (TWC, g H2O g-1 dwt) 3 
at each sampling point. Samples were collected within Antarctic Specially Protected Area 4 
135, on Bailey Peninsula and Robinson Ridge (see Fig 1) at sites previously identified as part 5 
of a permanent long-term monitoring study (Robinson, 2009). Prior estimations of long-term 6 
water environment are indicated by open circles for dry environments, crosses for 7 
intermediate environments and closed circles for wet environments. The relationship between 8 
δ13C and TWC in C. purpureus was significant (n = 22, y = 0.6x -25.1; p < 0.0007, R2 = 9 
0.44).  10 
  11 
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 1 
Fig. 4 δ13CSUGAR in three Antarctic moss species Bryum pseudotriquetrum, Ceratodon 2 
purpureus and Schistidium antarctici. Mosses were grown in a controlled growth chamber for 3 
5 weeks under wet, intermediate or dry conditions (see text for details). Different letters 4 
indicate significant differences between environments at p = 0.05. Crosses represent mean, 5 
lines represent median, boxes represent interquartile range, whiskers represent SD, n = 6 - 8. 6 
  7 
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 1 
Fig. 5 δ13CSUGAR (a, b) and δ13CCELLULOSE (c, d) in three Antarctic moss species grown under 2 
either dry or wet conditions (a, c) for 22 weeks. Species variation for Bryum 3 
pseudotriquetrum, Ceratodon purpureus and Schistidium antarctici is also shown (b, d). 4 
Mosses were either fully submerged (wet) or left exposed to the air and watered sparingly 5 
from below (dry). Different letters indicate significant differences between species and water 6 
treatments at p = 0.05. Crosses represent mean, lines represent median, boxes represent 7 
interquartile range, whiskers represent SD, n = (a-c) 21 and (b-d) 16. 8 
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 1 
Fig. 6 Comparisons between δ13CCELLULOSE and δ13CSUGAR in split samples of moss grown for 2 
(a) 5 weeks; Bryum pseudotriquetrum, Ceratodon purpureus and Schistidium antarctici and 3 
(b) 22 weeks; B. pseudotriquetrum (BP, dotted line, n = 13, y = 1.14x -4.85; R2 = 0.69, P = 4 
0.001), C. purpureus (CP, solid line, n = 13, y = 0.85x -2.7; R2 = 0.41, P = 0.01) and S. 5 
antarctici (SA, dashed line, n = 13, y = 0.81x -3.73; R2 = 0.57, P = 0.001). 6 
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 1 
Fig. 7 Trends in δ13CGRAPHITE down three Antarctic moss cores of Ceratodon purpureus 2 
collected from Clark and Bailey peninsulas (see Fig 1 for details), remodeled from Clarke et 3 
al., (2012). Cores from Whitney Point (green line, n = 11, y = -125.14 + 0.05x – 0.002*(x – 4 
1974.17)2 – 0.0001*(x – 1974.17) 3; R2 = 0.67, P = 0.02), Red Shed (Red line, n = 10 , y = -5 
0.04x +62.80; R2 = 0.65, P = 0.002) and Antarctic Specially Protected Area 135 (ASPA, pink 6 
line, n = 9, y = -0.03x + 42.84; R2 = 0.56, P = 0.01) are assessed against calculated δ13C and 7 
TWC (g H2O g-1 dwt) ranges for current Windmill Islands wet (blue), intermediate (white) 8 
and dry (yellow) environments.  9 
 10 
